Diabetic polyneuropathy (DPN) is the most common symptomatic chronic complication of diabetes [1, 2] . It occurs in both Type I (insulin-dependent) and Type II (non-insulin-dependent) diabetic patients and has traditionally been assumed to be the consequence of hyperglycaemia and hence the result of the same underlying pathogenetic factors in the two types of diabetes. We have, however, previously shown structural and electrophysiological differences between the DPN's in the two types of human diabetes [3, 4] , suggesting that in addition to hyperglycaemia other pathogenetic factors may be involved in this complication.
acute onset of hyperglycaemia due to an immune mediated destruction of insulin-producing pancreatic beta cells. It develops severe insulinopaenia and hyperglycaemia and requires daily insulin doses for its survival and therefore mimics human Type I diabetes [7, 8] . Our laboratory has characterised in detail the metabolic, functional and structural abnormalities occurring in peripheral nerve in this Type I diabetic model [9±14] .
The neuropathy in this model is characterised by early nodal and paranodal axonal swelling occurring consequent to intra-axonal [Na + ] i accumulation which in turn is related to a defect in Na + /K + -ATPase activity [11] . This is followed by disruption of the adherence of terminal myelin loops to the paranodal axolemma (axoglial dysjunction) followed by paranodal demyelination and degeneration of the paranodal apparatus [10] . Concomitantly there is progressive distal to proximal axonal atrophy, reflected by a decreased axon/ myelin ratio and excessive myelin wrinkling. Axonal atrophy ultimately leads to Wallerian degeneration [12] . Since nerve fibre regeneration is impaired in the BB/Wor-rat [13] , this together with Wallerian degeneration results in progressive nerve fibre loss.
The aims of our study were to characterise the metabolic, functional and structural abnormalities of DPN in the Type II diabetic BBZ rat and to compare these data with those in the Type I diabetic BB/Wor rat. These comparisons are justified by the fact that both models show spontaneous onset of diabetes at the same age and that they were maintained at similar hyperglycaemic concentrations. Although the comparisons are based on measurements in the two models obtained at different time points, the methodologies used in the various studies were basically the same.
Materials and methods
Animals. Sixteen prediabetic male BBZ-rats and 12 agematched lean male non-diabetic control rats were obtained from Biomedical Research Models (Worcester, Mass., USA). All animals were maintained in air-filtered cages with ad libitum access to water and rat chow (Wayne Lab Blox F-6, Wayne Feed Division, Chicago, Ill., USA). Body weight and glucosuria (Keto-Diastix, Bayer, Elkhart, Ind., USA) were monitored daily to ascertain the onset of diabetes in diabetes-prone animals. Blood glucose concentrations were measured in tail vein blood samples biweekly and glycated haemoglobin (DCA 2000 Analyzer, Bayer, Elkhart, Ind., USA) was measured bimonthly. Groups of eight diabetic and six control rats were killed at 6 and 14 months of diabetes. The animals were cared for in accordance with guidelines of the Animal Investigation Committee, Wayne State University and those of NIH (publication no. 85±23, 1995).
Electrophysiological studies. Animals were anaesthetised with ethyl ether. Motor nerve conduction velocity (MNCV) was determined in the sciatic-tibial conducting system. Hindlimb skin temperature was monitored by a thermistor and maintained between 36°C and 38°C by radiant heat and a warming pad. The left sciatic-tibial nerves were stimulated proximally at the sciatic notch and distally at the ankle by bipolar electrodes with supramaximal stimuli (8 V) at 20 Hz with a pulse width of 100 ms delivered by a Cadwell 5200 A electromyographer (Cadwell Laboratories, Kennewick, Wash., USA). The latencies of the compound muscle action potentials were recorded by bipolar electrodes from the first interosseous muscle of the hind paw and measured from the stimulus artifact to the onset of the negative M-wave deflection. We calculated MNCV by subtracting the distal latency from the proximal latency measured in msec and the results were divided into the distance between the stimulating and recording electrode measured in mm, yielding a value for MNCV in ms ±1 . Each recording represents the average of 16 measurements. We measured MNCVs weekly from the onset of diabetes to 6 weeks duration and thereafter on a monthly basis. There was no evidence to suggest that repeated anaesthesias in individual animals affected their diabetic conditions. Tissue collection. On the day of the final MNCV measurements (6 and 14 months duration of diabetes) non-fasted animals were killed between 0800 and 1000. They were anaesthetised with intraperitoneal sodium pentobarbital (50 mg/ kg). Cardiac blood was drawn, centrifuged and snap frozen for examination of serum insulin and C-peptide concentrations. In addition to 6 months diabetic BBZ and control rats, cardiac blood was also obtained from 6 months Type I diabetic (n = 6) and control (n = 6) BB/Wor rats. Midthigh segments of both sciatic nerves were removed, weighed and processed for enzymatic ATPase measurements and gas liquid chromatographic determination of polyols as described previously [15] . The right sural nerve (opposite to the side of MNCV measurements) was fixed in situ for 10 min with cacodylate buffered (pH 7.4) 2.5 % glutaraldehyde, then immersed in the same fixative for 2 h at 4°C and post-fixed in 1 % cacodylate buffered (pH 7.40) osmium tetroxide, dehydrated and embedded in Epon as described previously in detail [14] .
Insulin and C-peptide concentrations. Serum insulin and Cpeptide concentrations were examined commercially, using RIA kits by Linco Research (St. Charles, Mo., USA).
Biochemical analyses. For the measurements of nerve glucose, sorbitol, fructose and myoinositol, sciatic nerve samples were homogenised in 2 ml of 5 % trichloroacetic acid. Aldonitrile derivatives were formed by addition of 0.3 ml hydroxylamine in pyridine-methanol 4:1 (vol:vol). The samples were sonicated for 1 min and 1 ml of acetic anhydride was added and samples were washed in 1.0 N HCl. Samples were reconstituted in 2-butanane and analysed gas liquid chromatographically as described previously [15] . Na + /K + -ATPase was measured as described previously [15] . Nerve samples were homogenised in 2 ml of 0.2 mol/l sucrose plus 0.02 mol/l TRIS-HCl at pH 7.5. Ten to 20 ml of the homogenate was assayed enzymatically for total ATPase in 1 ml of 100 mmol/l NaCl, 10 mmol/l KCl, 2.5 mmol/l MgCl 2 , 1 mmol/l TRIS ATP, 1 mmol/l phosphoenolpyruvate, 30 mmol/l imidazole HCl buffer (pH 7.30), 0.15 mmol/l NADH, 50 mg lactate dehydrogenase and 30 mg pyruvate kinase. To measure ouabain-inhibitable ATPase, 20 ml of 25 mmol/l ouabain was added. Ouabain-inhibitable Na + /K + -ATPase activity was defined as the difference in activity before and after the addition of ouabain and was expressed as micromoles ADP formed per gram of wet weight per hour.
Morphometric analyses. Semithin (0.5 mm) cross-sections of Epon-embedded sural nerves were stained with paraphenylene diamine for light microscopic morphometric analysis using a computerised image analysis system (Image-1, Universal Imaging, West Chester, Pa., USA). This system is programmed for assessment of the total complement of sural nerve myelinated fibres and provides the following measures: mean myelinated fibre size (mm 2 ), myelinated fibre density (number/mm 2 ), coefficient of variation (CV) of myelinated fibre densities between image frames (a measure of focal nerve fibre loss), myelinated fibre occupancy (% of endoneurial area) and axon/myelin ratio as previously described [14] .
Teased fibre examination. A mean of 172 5 myelinated fibres were teased in unpolymerised Epon from each sural nerve and scored for specific pathologic changes, providing a three dimensional assessment of myelinated fibres, as described previously in detail [14] . The pathologic changes in DPN evolve from mild to increasingly severe structural changes involving the nodal apparatus, the axon, and the myelin sheath [14] . Representing the temporal sequence and increasing severity of specific structural changes, they can be classified as follows: normality, paranodal swelling, paranodal demyelination, excessive myelin wrinkling, intercalated internodes, segmental demyelination, Wallerian degeneration, and remyelination/regeneration. Each fibre was scored as to its most severe change and the number of fibres in each category was expressed as a percentage of total fibres examined.
Axoglial dysjunction. Disruption of the paranodal ion-channel barrier (axoglial dysjunction) is a characteristic abnormality of DNP in Type I diabetic rodent models and humans [3, 10] . The frequency of axoglial dysjunction was examined electronmicroscopically from a mean of 17.9 1.1 paranodal areas in each sural nerve. Serial longitudinal sections were systematically examined for the absence of axoglial junctions between terminal myelin loops and the axolemmal membrane as described in detail earlier [16] . The frequency of myelin loops totally devoid of axoglial junctions was expressed as a percentage of the total myelin loops examined.
Statistical analysis. The results are presented as mean SD and the significance of differences was calculated by analysis of variance (ANOVA). When an overall difference of p < 0.05 was obtained, group differences were assessed by post hoc analysis using the Student-Newman-Keuls test.
Results
Body weight and hyperglycaemia. Diabetic BBZ rats showed increased body weights at both 6 and 14 months of diabetes compared with age-matched control rats [522 ± 41 vs 414 ± 11 g (p < 0.05) at 6 months and 593 ± 43 vs 506 ± 13 g (NS) at 14 months]. Blood glucose and glycated haemoglobin were both significantly (p < 0.001) increased in diabetic animals at both time points (blood glucose: 6 months, 20.5 ± 0.8 vs 5.9 ± 0.2 mmol/l; 14 months, 22.1 ± 0.9 vs 5.8 ± 0.3 mmol/l; glycated haemoglobin: 6 months, 13.0 ± 0.2 vs 5.3 ± 0.2 %; 14 months, 14.8 ± 0.2 vs 5.3 ± 0.1 % in diabetic and control rats respectively).
Motor nerve conduction velocity. Following onset of diabetes, BBZ rats showed a slowly progressive decrease in MNCV during the first 6 weeks of diabetes ( Fig. 1) . At 6 months of diabetes the MNCV was reduced by 11 % or 6.7 m/s (p < 0.05) compared with age-matched non-diabetic control rats. This conduction defect increased to 17 % or 11.4 m/s (p < 0.005) at 14 months of diabetes (Fig. 1) .
Serum insulin and C-peptide concentrations. At 6 months of diabetes, non-fasting serum insulin and C-peptide concentrations were measured between 0800 and 1000 in BBZ rats (n = 8) and BB/Wor rats (n = 6) and their respective age-and sex-matched controls (n = 6) in both control groups). In control rats no significant differences were found in insulin concentrations (BBZ controls 516.6 ± 51.7 vs BB/ Wor controls 430.5 ± 155 pmol/l). In diabetic rats, however, BB/Wor rats (n = 6) showed significantly (p < 0.001) lower insulin concentrations compared with diabetic BBZ rats (n = 8) (51.7 ± 0.0 vs 585.5 ± 68.9 pmol/l, respectively). Diabetic BBZ showed a non-significant 13 % increase in insulin concentrations compared with controls.
No differences were found in C-peptide concentrations between BBZ control, BB/Wor control and BBZ diabetic rats (705 ± 195 vs 711 ± 121 vs 752 ± 26 nmol/l, respectively). Diabetic BB/Wor rats, however, showed significantly (p < 0.001) decreased C-peptide concentrations (39 ± 11 nmol/l) compared with the other groups.
Sciatic nerve glucose, fructose, sorbitol, and myoinositol contents. Nerve glucose concentrations were sig- Fig. 1 . Nerve conduction slowing in Type II BBZ rats is compared with that in Type I BB/Wor rats and non-diabetic ageand sex-matched control rats. Note a more rapid decrease and severely acute (metabolic) nerve conduction defect in diabetic BB/Wor rats, which also show a significantly (p < 0.001) more severe chronic (structurally related) nerve conduction defect compared with Type II BBZ rats. *, Control (n = 12);~, BB/Wor (n = 8);^, BBZ (n = 16) nificantly increased in diabetic sciatic nerves both at 6 and 14 months [22.70 ± 2.85 vs 5.13 ± 0.56 mmol/g (p < 0.001) and 6.37 ± 1.85 vs 1.01 ± 0.23 (p < 0.01), respectively]. Glucose concentrations, however, were significantly (p < 0.01) decreased in both control and diabetic rats at 14 months compared with the concentrations in respective groups at 6 months. Sciatic nerve sorbitol concentrations were significantly increased in BBZ rats at both 6 and 14 months [1.26 ± 0.03 vs 0.37 ± 0.04 mmol/g (p < 0.001) and 1.44 ± 0.34 vs 0.37 ± 0.07 mmol/g (p < 0.05), respectively]. Control rats showed no detectable fructose concentrations at either 6 or 14 months. Diabetic rats, however, showed significantly increased fructose concentrations at 6 months (1.42 ± 0.15 mmol/g; p < 0.01), as well as at 14 months (0.90 ± 0.33 mmol/g; p < 0.05). Despite significantly lower sciatic nerve glucose concentrations at 14 months as compared with 6 months, sorbitol concentrations were comparable at the two time points suggesting an increased aldose reductase activity in the more chronically diabetic BBZ rats. Fructose concentrations were insignificantly lower in sciatic nerves of 14 months diabetic rats compared with 6 months. Sciatic nerve myoinositol concentrations were not significantly altered in 6 months diabetic BBZ rats (diabetic 4.24 ± 0.26 vs control 4.92 ± 0.38 mmol/g) but were significantly increased in 14 months diabetic rats compared with age-matched control rats (8.93 ± 1.08 vs 6.28 ± 0.43 mmol/g; (p < 0.05) respectively).
Na
+ /K + -ATPase activity. Total Na + /K + -ATPase activity was not significantly altered in 6 months diabetic BBZ rats, whereas in 14 months diabetic rats it was significantly reduced by 25 % (p < 0.03; data not shown). The ouabain inhibitable fraction was reduced significantly by 36 and 27 % in 6 and 14 months diabetic rats respectively [6 months: 61.9 ± 6.2 vs 96.4 ± 11.6 mmol ADP × g ±1 × h ±1 (p < 0.05); 14 months: 67.1 ± 6.3 vs 91.6 ± 6.1 mmol ADP × g ±1 × h ±1 (p < 0.05)].
Morphometric abnormalities. At 6 months of diabetes, BBZ rats showed significant atrophy of myelinated fibres (p < 0.05), which on average were 22 % smaller than those of age-matched control rats (Table 1). There were no significant changes in myelinated fibre density, axon/myelin ratio, myelinated fibre occupancy or in total sural nerve fascicular area (Table 1). There was an insignificant 22 % increase in the focality of fibre loss in diabetic BBZ rats.
At 14 months of diabetes there was a mild but significant 11 % loss (p < 0.05) of myelinated fibres as indicated by myelinated fibre density (Table 1) . This was associated with a significant myelinated fibre atrophy (p < 0.05) and reduced fibre occupancy (p < 0.005) ( Table 1 ). As in 6 months diabetic rats there was an insignificant 20 % increase in the focality of fibre loss. No change was found in the ratio between axonal and myelin sizes ( Table 1 ), suggesting that the axon and myelin sheath were on average affected to the same extent.
Teased fibre changes. The frequency of structurally normal fibres was significantly (p < 0.001) decreased in 6 months diabetic rats (Table 2 ). This was accounted for by a fivefold (p < 0.001) increase in the frequency of fibres showing excessive myelin wrinkling and by a fourfold (p < 0.005) increase in fibres showing segmental demyelination (Table 2) . Increased frequencies of paranodal swelling, paranodal demyelination or intercalated internodes were not shown in sural nerves of 6 months diabetic rats (Table 2) .
In 14 months diabetic BBZ rats only 69.2 1.8 % (p < 0.001) of sural nerve myelinated fibres showed normal morphology (Table 2) . Although there was no significant increase in paranodal swelling, paranodal demyelination was significantly (p < 0.005) increased. The major pathology consisted of axonal atrophy as assessed by excessively wrinkled myelinated fibres, which was increased sixfold (p < 0.001). Segmental demyelination was increased fourfold (p < 0.001) and Wallerian degeneration almost 40-fold (p < 0.001). The frequency of regenerating fibres was significantly (p < 0.01) increased in 14 months diabetic BBZ-rats (Table 2) . 
Discussion
The spontaneously diabetic BBZ rat is a recently characterised model of insulin-resistant human Type II diabetes [5, 6] . In our study, we have shown a slowly progressive and relatively mild neuropathy in this model, despite the fact that the animals stayed severely hyperglycaemic for 14 months. The nerve conduction defect evolved slowly and reached 11 % at 6 months of diabetes compared with non-diabetic control rats, and 17 % at 14 months. These changes were accompanied by activation of the polyol pathway as reflected by a 3.5-fold increase in sciatic nerve sorbitol but by an insignificant depletion of nerve myoinositol at 6 months of diabetes. The latter was increased, however, by 40 % in chronically diabetic BBZ rats, suggesting alternative osmoregulatory mechanisms following the polyol pathway activation at this stage of diabetes [17] . Despite significantly lower sciatic nerve glucose concentrations at 14 months compared with 6 months, sorbitol concentrations were comparable at the two time points. These differences suggest an increased aldose reductase activity in the more chronically diabetic BBZ rats which contrast with those observed in the Type I BB/Wor rats, in which there appears to be a decreased aldose reductase activity with progression of the neuropathy [14] . Therefore the dynamics of the polyol pathway may differ in the two models. The nerve conduction defect was associated with a 36 % deficit in nerve Na + /K + -ATPase. The neuronal Na + / K + -ATPase defect has been associated with impaired inactivation of nodal Sodium channels resulting in decreased nodal membrane [Na + ] potentials, increased axonal [Na + ] i and nodal and paranodal swelling [18] , changes which correlate with the acute metabolic nerve conduction defect [11] .
Although only mild nerve fibre loss was shown, even after 14 months of diabetes in the BBZ rat, the neuropathy was structurally characterised by diminished myelinated fibre size, axonal atrophy, segmental demyelination and Wallerian degeneration. The myelinated fibre atrophy appeared to affect both axons and myelin to a similar extent, since the axon-myelin ratio was not affected by diabetes. This is supported by the teased fibre evaluations showing a substantial percentage of fibres with axonal atrophy (excessive myelin wrinkling) as well as fibres showing disproportionally thin myelin sheaths associated with segmental demyelination and myelinated fibre regeneration. Hence, these changes influence the axon/myelin in opposite directions and could therefore account for the lack of a change in axon/myelin ratio. Nodal and paranodal structural changes, such as paranodal swelling, paranodal demyelination, axoglial dysjunction and intercalated internodes were absent or mild. This is consistent with earlier findings in sural nerve biopsies from neuropathic Type II diabetic patients, who also lack these changes in contrast to Type I diabetic patients [3] . These findings are not dissimilar from those shown in other Type II diabetic rodent models [19±20] .
Compared with the findings in the spontaneously diabetic Type I BB/Wor rat maintained at similar hyperglycaemic concentrations, striking differences are apparent between the neuropathies in the two models. Despite a more severe Na + /K + -ATPase defect in the BBZ rat [14] and similar increases in nerve sorbitol concentrations [14] , the BBZ rat showed a significantly milder NCV defect than the BB/Wor rat (Fig. 1) . These findings seem to suggest that hyperglycaemia and subsequent polyol pathway activation decreased neural Na + /K + -ATPase and presumably the consequences of non-enzymatic glycation are only re- sponsible for a component of the more severe MNCV defect in the BB/Wor rat. Therefore, besides hyperglycaemia, factors that discriminate between the two models such as insulin and C-peptide deficiencies as shown in the Type I model must be considered as additional pathogenetic elements in Type I DPN. This notion is consistent with the findings in the DCCT study in which strict hyperglycaemic control only partially prevented diabetic neuropathy [22] .
The discrepancy between the severity in nerve Na + /K + -ATPase activity and the relatively mild MNCV deficit in the BBZ rat compared with the BB/Wor rat [14] could reflect a more prominent deficit in vascular than neuronal Na + /K + -ATPase activity in the former model. This assumption is supported by the lack of early paranodal swelling in the BBZ rat, which in the Type I model has been associated with the neuronal Na + /K + -ATPase defect [11, 18] . Although not examined in this study, this notion would suggest a more pronounced vascular component with changes in NO and vasoactive prostaglandins in the BBZ rat, resulting in a more severely compromised nutritive blood flow and endoneurial hypoxia [23, 24] . The high frequencies of myelinated fibres showing segmental demyelination, Wallerian degeneration and a trend toward increased focality of nerve fibre loss, not seen in the BB/Wor rat [14] , are in keeping with a more prominent hypoxic component in the BBZ model. This supposition, however, needs to be examined in detail.
Despite a relatively high frequency of Wallerian degeneration in 14 months diabetic BBZ rats, they only showed mild fibre loss compared with chronically diabetic BB/Wor rats [9] , suggesting that nerve fibre regeneration in the Type II model may be less impaired than that in the BB/Wor rat [13] .
The most striking difference between the two models pertains to the nodal and paranodal abnormalities, which are likely to underlie the differences in the severity of the chronic, structurally related, MNCV deficits [25, 26] . The progressive disruption of the paranodal ion-channel barrier by axoglial dysjunction and subsequent paranodal demyelination characteristic of human and rodent Type I DPN [3, 10, 26] could not be identified in the BBZ rat even after 14 months of diabetes. These findings are consistent with those in human Type II diabetic neuropathy [3] . Disruption of the paranodal apparatus in the BB/ Wor rat results in lateral migration of Na + channels, and of Schwann cell and axonal GLUT1 and 3 respectively, and in increased K + leakage currents [27±29]. The resulting diminished density of nodal Na + channels is associated with a decrease in nodal Na + permeability and membrane potential and contributes in a major way to the progressive chronic NCV defect in the BB/Wor rat [27, 29] .
Since these abnormalities do not occur in the Type II BBZ rat maintained at similar hyperglycaemic concentrations they are not likely to be directly related to hyperglycaemia. They possibly result from insulin and C-peptide deficiencies occurring in Type I but not in Type II diabetes. We have recently shown that the expression of the predominantly high affinity insulin receptor, localised at the paranodal apparatus, is increased in the Type I insulin deficient BB/Wor rat [30] . This abnormality is prevented by replacement of C peptide which, when given over a period of 8 months to diabetic BB/Wor rats, corrects the MNCV deficit to levels comparable to those seen in Type II BBZ rats and prevents the paranodal structural abnormalities [31] . C peptide has insulin-like effects, although it has no effect on hyperglycaemia [32, 33] . It potentiates insulin's effect with respect to arteriolar blood flow [34] , tyrosine phosphorylation of the b-subunit of the insulin receptor and PI3-kinase activity [35, unpublished data] . The molecular basis for the protective effect of insulin or C peptide or both on the nodal apparatus in peripheral nerve is not known, but neuroprotective effects of both insulin and C peptide have been documented. Insulin promotes neurite outgrowth from sensory neurons and neuroblastoma cells [36, 37] and is important for nerve growth factor to exert its effect on human neuroblastoma cells [38] . These effects are mediated by upregulation and stabilisation of tubulin and neurofilament mRNA [37] . The peripheral nerve insulin receptor co-localises with Na + /K + -ATPase, glucose transporters, Na + channels, aldose reductase, paranodins and ankyrin G [39±45], molecules all of which play important parts in the integrity of nodal/paranodal function and structure. Thus, it is possible that perturbed insulin signalling due to insulin or C-peptide deficiency or both may in part be responsible for the nodal/paranodal dysfunction and structural abnormalities which appear to set Type I diabetic neuropathy apart from that of Type II diabetes.
In summary, our study has shown a slowly progressive diabetic neuropathy in the normo-insulinaemic + -ATPase activity in sciatic nerve from 6 and 14 months diabetic BBZ rats and age-matched control rats obese BBZ rat, characterised by a slowly progressive MNCV defect, severely decreased Na + /K + -ATPase activity, moderate myelinated fibre atrophy, and relatively severe segmental demyelination and Wallerian degeneration. This diabetic model showed only mild nerve fibre loss and failed to show nodal and paranodal changes, characterising the neuropathy in the diabetic Type I BB/Wor rats. We suggest that the differences between the neuropathies in the two types of diabetes are due to the presence or absence of neuroprotective insulin and C peptide.
